Three ecosystems, not one
The water balance of the PAD is determined by complex and interacting physical and ecological processes and physical conditions that vary in space and time. To explain changes in the PAD's water balance by examining only "large" Peace River ice-jam floods, as did Beltaos (2018) , oversimplifies a complex ecosystem. The PAD is not a single delta (following summarized from Timoney 2013) . It is a delta complex composed of three semiindependent sectors: the central lakes, the Athabasca Delta to the south, and the Peace Delta to the north. The central lakes sector occupies a shallow depression between the Peace and Athabasca sectors and is composed of the large, open-drainage Lakes Claire, Mamawi, Richardson, and the west end of Lake Athabasca. River inflows and outflows influenced by the regional climate dominate the water balance of this sector. The Athabasca sector occupies the southern third of the PAD. Its water balance is dominated by Athabasca River discharge, Athabasca River ice-jam floods, and within-delta processes. The Peace sector occupies the northern third of the PAD. Its water balance is dominated by Peace River discharge, Peace River ice-jam floods, and within-delta processes.
Basins in the PAD differ widely in their hydraulic connectivity. Open-drainage basins occupy the lowest elevations and are always connected to flowing rivers or Lake Athabasca. Restricted basins occupy low to middle elevations and are recharged seasonally by high water levels in the open-drainage system or during winddriven seiches. Perched (or closed-drainage) basins occupy relictual, abandoned delta lobes at the highest elevations and are typically recharged during ice-jam flooding or by above average precipitation within their catchments. Except for transient influences, the water balances of both the central lakes and Athabasca sectors are essentially unrelated to Peace River ice-jam flooding.
Critically, the effects of Peace River ice-jam flooding are expressed primarily in the perched basins of the Peace sector, not across the entire ecosystem, nor even across the entire Peace Delta.
Within-delta processes affecting the water balance
Within-delta processes can modulate or even overwhelm the influence of river flows and ice-jam floods on the water balance. These processes include temporal regional and local variations in precipitation and evapotranspiration; avulsions, which cause desiccation of abandoned areas and flooding and sedimentation of receiving areas; sediment aggradation and progradation, both of which favor net desiccation at the expense of open water; the activities of beaver, which can flood extensive areas in the flat deltaic terrain; flow reversals and seiches; and differential isostatic rebound, which causes the western delta to sink 1-1.4 mm/ year relative to western Lake Athabasca and leads to subsidence and transgression by Lake Claire (Timoney 2013) .
Discharge on the Peace and Athabasca Rivers moves in and out of phase (Meko 2006) ; open water floods and ice-jam floods affect different sectors at different times; within-delta processes can dominate local water balances; and the ϳ11 m elevational gradient between low delta and alluvial terraces and the network of natural levees impart spatial complexity to water movements (Timoney 2013) . As a result, one sector or basin can be in flood while an adjacent sector or basin is in drawdown. Simplistic cause and effect generalizations about changes in the delta's ecosystem rarely survive scrutiny.
A concordant environmental history
The historical flood record, climate and hydrologic data, dendrochronologic reconstructions of river flows and lake levels, the paleolimnological record from lake basins, and the record contained in flood bed sequences along the lower Peace and Athabasca Rivers are concordant (from a growing literature, among others, from Soper 1951; Mann et al. 2000; Meko 2006; Wolfe et al. 2006 Wolfe et al. , 2008 Wolfe et al. , 2012 Hugenholtz et al. 2009; and Timoney 2009 ). The evidence demonstrates three fundamental truths about the PAD ecosystem: (1) that spring flood frequency has varied widely over the centuries; (2) that ice-jam floods were more frequent during the early to mid-20th century than at most other times during the last millennium; and (3) that there have been prolonged multiyear and multi-decadal dry periods prior to river regulation. As such, it is critical to use appropriate time periods when attempt-ing to make meaningful comparisons of the past and present. The conclusion of Beltaos (2018) that paleolimnological findings "often differ from the observational record" is erroneous. Given that all data pertain to particular spatial and temporal domains, the proxy and historical records are remarkably concordant. The "discrepancy between physically-based and paleolimnological findings" noted by Beltaos (2018) is a discrepancy between a model of the physical controls of ice-jam flooding and the observed flood history. That discrepancy suggests that the model of the physical controls of ice-jam flooding needs improvement.
The PAD has experienced wide variations in its hydro-ecological conditions over the centuries (summarized from Timoney 2013). During much of the 1700s, the PAD was colder and drier than it is presently; 1700-1730 was the coldest and driest period in the past 300 years. Periods of water scarcity and net drawdown, often accompanied by high wildfire activity or low muskrat harvests (indicative of desiccated restricted and perched basins) include: 1820-29; 1836; 1844-48; 1857; 1866-68; 1873-74; 1885-95; 1910s; 1944-46; 1953-55; 1980-85; and 1998-2008 . In summer 1945, much of Mamawi Lake had been replaced by scattered ponds, mudflats, and meadows and at Lake Claire, normally the largest lake in Alberta, extensive mudflats surrounded a reduced lake. In summer 1955, Lake Athabasca was so low that the Canadian military landed a DC-3 aircraft on the lake's dry mudflats at Fort Chipewyan. "For about a 10 year period prior to 1955 there was no water in the basin lakes, very few muskrats" (Timoney 2009 ). Some of the highest recorded water levels and river flows, most frequent ice-jam floods, and highest muskrat harvests took place from 1956 to 1965, just prior to river regulation.
At the PAD, the Peace River has experienced a spring ice-jam flood probability of 3%-17% since circa CE 883 while for the Athabasca River, spring flood probability has ranged from 3%-10% since circa CE 580 (Hugenholtz et al. 2009 ). The ice-jam flood frequency of the lower Peace River was high during medieval times while the frequency of flooding of both the Peace and Athabasca Rivers was low during the Little Ice Age. Climatic reconstructions (Wolfe et al. 2008 ) corroborate both the medieval high frequency, and the Little Ice Age low frequency, of ice-jam flooding on the lower Peace and Athabasca Rivers.
Peace River flood frequency was highly variable over the 180 to 300 year stratigraphic records at two basins in the northern Peace Delta (Wolfe et al. 2006) . A 35-year interval without major flooding was observed in the mid-1800s. Other periods of 20-or-more-years without a major flood were recorded from ϳCE 1705 to 1786 and from ϳCE 1813 to 1839. Wolfe et al. (2006) concluded that the frequency of ice-jam floods in the Peace sector has been in decline for decades, beginning as early as the late 1800s.
Beltaos (2018) focused on the "large" floods reported by Timoney (2009) . It is unclear why that analysis did not include the lower flood frequency 19th century data and instead focussed on flood-prone unregulated periods during the 20th century. Nor did Beltaos (2018) analyze "small" or "moderate" floods reported by Timoney (2009) even though the assignment of flood magnitude is tentative in many historic flood accounts (Timoney 2009 ) (Supplementary material 2 discusses this further). Additionally, although Beltaos (2018) stated that the lower flood frequency in the early 20th century "may be related to climate, but could also result from fading local 'memory' with the passage of time", fading local memory applies to oral history, not to written contemporaneous records. The data in Timoney (2009) used by Beltaos (2018) were derived from contemporaneous records. "Fading memory" is not applicable, and therefore in the statistical analyses below we consider both the short-term history of large floods used by Beltaos and a longer-term history of large and moderate floods.
Statistical analysis of flood frequency
At the heart of Beltaos (2018) is the question: Is the frequency of ice-jam floods on the lower Peace River during the regulated period consistent with the ice-jam flood frequency during the unreg-2 Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjce-2018-0409. ulated period? In light of the variable and often low flood frequency during the unregulated period, and a relatively brief regulated period (Fig. 1) , the extraordinarily low p-values reported by Beltaos (2018) suggest inappropriate statistical methods, as will be shown.
Beltaos' (2018) application of ordinary least squares (OLS) regression to cumulative count data is not appropriate because such data violate several OLS assumptions: namely that the model residuals should be normally distributed, independent, and homoscedastic. We illustrate by replicating the regression on large floods during the regulated period from Beltaos (2018) (Fig. 2) . Normality of the regression residuals is questionable ( Fig. 2a ) and the residuals are neither independent nor homoscedastic (Fig. 2b) . Because the core assumptions of an OLS regression are violated, Beltaos' (2018) parametric OLS-based t-test comparing the slopes of unregulated and regulated cumulative flood occurrences is inappropriate and the resulting p-values are invalid. In place of OLS regression, the occurrence of ice-jam floods could be modeled using a count regression with explanatory variables such as time and climate variables such as the Pacific Decadal Oscillation (Steinschneider et al. 2016 ), which we leave for future work.
Beltaos (2018) also applied a Mann-Kendall test as a nonparametric alternative to the parametric OLS-based t-test. A Mann-Kendall test is used to evaluate if a trend exists within a single time series (Hirsch et al. 1982) . It is not intended to test for a difference between segments of a single time series as was done in Beltaos (2018) .
The analyses that follow consider (1) the large floods used by Beltaos (2018 Beltaos ( ), 1900 Beltaos ( -2017 (Fig. 3a) , and (2) moderate and large floods, 1826-2017 (Fig. 3b) . The second analysis recognizes that Peace River ice-jam flood frequency has varied widely over time.
Using a short period of record as the null distribution of flood frequency (Beltaos 2018 ) risks biasing the results to only wet futures. Both analyses produce similar results that conflict with the erroneous statistical results of Beltaos (2018) .
Because flood events tend to occur in correlated runs (flood years tend to follow flood years and non-flood years tend to follow non-flood years (Timoney et al. 1997) ), parametric approaches based on OLS (e.g., Beltaos 2018) or Bernoulli trials (Timoney 2013) , which assume independent events, are inappropriate. We instead use a block bootstrapping approach (Wilks 2006) in which 10 000 synthetic records of the regulated period are constructed from resampling the unregulated observed record. We use 5-year block resampling, an appropriate interval based on time series analysis of lag correlations. This bootstrap experiment was replicated 1000 times to estimate the uncertainty in the mean bootstrapped p-value of the hypothesis test described below.
We compare the observed regulated river record to synthetically generated bootstrapped records using a null hypothesis that the observed ice-jam flood frequency during the regulated period is consistent with the observed ice-jam flood frequency during the unregulated period. The null distribution is composed of the 10 000 synthetically generated cumulative flood counts in year 2017, to which we compare the observed cumulative flood count in year 2017. The p-value is the likelihood of observing over the period 1972-2017, at most the number of floods observed in the historical regulated period. A low p-value would indicate that significantly fewer floods were observed over the historical regulated period than would be expected from random variability during the unregulated period.
When considering only the data used by Beltaos (2018) (Fig. 3a ) we derive a mean p-value of 0.2943 (standard error 0.0002). Extending the record back to 1826, and including large and moderate floods (Fig. 3b ), we derive a mean p-value of 0.3833 (standard error 0.0002). For both analyses there is insufficient evidence (at ␣ = 0.05) to conclude that the observed ice-jam flood frequency of the regulated river is inconsistent with the ice-jam flood frequency of the unregulated river; Fig. 3 supports these conclusions. Timoney (2013) reached a similar conclusion using large and moderate floods (1826-2010) and a binomial test (p = 0.30), which, although inappropriate, provided a result similar to this bootstrapped result. Application of a binomial test over the full record (1826-2017) using large and moderate floods results in a p-value of 0.37.
In summary, we fail to reject the null hypothesis that the regulated river flood frequency is consistent with the unregulated Fig. 3 . Bootstrapping (5-year blocks) of 10 000 records from the regulated era (1972-2017) using (a) Beltaos' (2018) data and (b) the extended record from our analysis, including moderate floods. Synthetic realizations from the regulated era are overlain in light grey and a thick black line depicts the observed record. These plots are one example of 1000 replications of this experiment. Note that although Beltaos' (2018) cumulative floods plot began in year 1900, the y-origin equaled 2 meaning that he included two pre-20th century floods. record using both Beltaos' (2018) 20th century large floods and the longer record of large and moderate floods. The p-values and conclusions reported in Beltaos (2018) arise from inappropriate statistical methods.
Conclusions
The simplistic cause-effect view of a halcyon unregulated river delta, perennially wet until river regulation by the Bennett Dam caused unprecedented drying is misleading because it is unsupported by the evidence and defensible statistics. The delta's observed history demonstrates wide variations in hydro-ecological conditions and great complexity in space and time. When defensible statistical methods are applied, the observed ice-jam flood frequency of the regulated river is not inconsistent with the unregulated river ice-jam flood frequency.
The cool and moist climate of the mid-20th century is past. The PAD is undergoing multi-decadal net desiccation and climatedriven declines in water levels may persist. Snowpack and glacial meltwater contributions in the delta's headwaters continue to decline (Wolfe et al. 2008 ) and delta region aridity deepens (Timoney 2013) . The unfolding specter of water scarcity poses a threat to the wetlands of the Peace-Athabasca Delta (Wolfe et al. 2012 , Timoney 2013 . Misattributing the reasons for growing water scarcity could result in misguided management actions that are ineffective or that exacerbate ecological impacts.
